This research investigated overstory and understory forest composition for 10 sites derived from either shale or sandstone conglomerate parent material on the Shawangunk Ridge in eastern New York. Overstory composition in both soil types was dominated by red oak (Quercus rubra) and chestnut oak (Quercus montana), but the overstory on shale sites was more diverse (14 tree species) and had less oak than sandstone sites (with only 6 tree species). A total of 17 species were recorded as regeneration on shale sites, where seedlings averaged 21,466/ha and saplings averaged 1,833/ha. Dominant seedling on shale sites were chestnut oak (7,100/ha) and red oak (3,583/ha); chestnut oak had significantly more seedlings on shale versus sandstone sites. Saplings on shale sites were predominantly Hamamelis virginiana and Acer pensylvanicum. On sandstone sites, seedlings averaged 6,425/ha (including 2,075 oaks and 2,250 red maple per ha). Sapling numbers for all species were low (1,400/ha) and were mostly red maple. These forests are unique because of the relatively high density of oak seedlings on certain sites and low density of red maple across all sites. This variation in regeneration as well as management strategies to promote additional oak regeneration and canopy recruitment are discussed for these and similar forests.
O ak (Quercus) species dominated much of the eastern United States forest biome during the last 7,000 -9,000 years (reviewed in Abrams 2002, Abrams and Nowacki 2008) . Low to moderate levels of biotic and abiotic disturbance and climate change were an intrinsic part of the Holocene ecology, resulting in a dynamic equilibrium in oak forest structure and composition. Most authors believe that fire played an important role in the historical development and perpetuation of eastern oak forests prior to European settlement (Lorimer 1985 , Abrams 1992 .
Many forests in southern New England and the northern midAtlantic regions are dominated by mixed-oak species. This region has a high density of human and deer populations, as well as a large number of forests preserves. In recent years, managers of these preserves have become very concerned with the lack of regeneration of native trees species, yet few studies of these nature preserves have addressed this important issue (Abrams and Hayes 2008) . The lack of active forest management, coupled with a lack of prescribed fire and intensive deer browsing, in most of these preserves has led to a decline in the regeneration of many mixed-oak and pine (Pinus) species, coupled with an increased importance of later successional tree species and native and exotic invasives.
This research investigated the overstory and understory composition for oak forests on the Mohonk Preserve in southeastern New York because an earlier reconnaissance indicated that certain forest stands on the preserve had a substantial density of oak regeneration, whereas in other forests it was nearly absent. In addition, red maple (Acer rubrum) appeared to exist at relatively low levels compared with most oak forests in the northeastern and Mid-Atlantic regions of the United States. These observations suggested that the regeneration ecology of oak and red maple at Mohonk may be nearly unique and worthy of a study that should add to our understanding of how oak and red maple dynamics vary in the northeastern United States. Therefore, the purpose of this study was to document variation in overstory and regeneration composition and density on contrasting soil parent materials in 10 forest stands on the Mohonk Preserve and to explain the variation within and between this and other eastern forests.
Site Description
This research was conducted in chestnut oak and red oak forests (Quercus montana and Quercus rubra, respectively) on two contrasting soil types at the Mohonk Preserve (41°45Ј29ЉN, 74°09Ј28ЉW) in the Shawangunk Mountains of eastern New York. Pollen extracted from lake sediment showed an increase in oak and pine dominance throughout southeastern New York over the past 9,000 years that coincided with an influx of charcoal in lake sediments, suggesting that fire played an important role in the development of woodlands in this area (Maenza-Gmelch 1997) . During this time, Native Americans, better known as the Lenape (also referred to as the Delaware Indians by European settlers) moved into the Hudson Valley (Josephson 2002) . The Lenape were known to deliberately burn forests in this area (Buell et al. 1954 ). In the more recent past, fires have been common on the Shawangunk Ridge (Laing 1994) , including a fire that burned about 121 ha of forested land in 1864 that is part of the present preserve (Huth and Smiley 1985) . The Mohonk preserve dates to 1869, when the Smiley family purchased Mohonk Lake and established the Mohonk Mountain House, which is now a historical landmark (Josephson 2002) . In addition, hemlock (Tsuga canadensis) was selectively logged in the mid-19th century for the tanning industry. Throughout the 19th and early 20th centuries, more extensive logging of forests occurred to supply local sawmills and provide wood for charcoal iron production (Snyder and Beard 1981 , Huth and Smiley 1985 , Josephson 2002 ). This was followed by the harvesting of American chestnut (Castanea dentata) killed by the chestnut blight (Cryphonectria parasitica) (Huth and Smiley 1985) . The first outbreak of the gypsy moth (Lymantria dispar) on the Mohonk Preserve occurred in 1957, resulting in oak mortality on the ridges (Skaller 1985) .
Currently, this region contains nearly 15,380 ha of contiguous oak forests, with chestnut oak and red oak forests covering approximately 1,400 ha of the Mohonk Preserve. These species dominate forests at the higher Shawangunk elevations; it grades from pitch pine-oak-heath at the summit to Appalachian oak-hickory forest at somewhat lower elevations. The study sites ranged in elevation from 267 to 363 m and occupied ridgeline to upper and middle side slope positions. Their aspects varied from east (mesic) to west (more xeric) and ranged from 5% to 25% slope. The sites varied from xeric to mesic on the basis of topography and aspect and were located on soil series derived from either the Martinsburg shale or Shawangunk sandstone conglomerate bedrock (Table 1 ; USDA Soil Conservation Service 1979). The soils mapped on the shale study sites were the Nassau-Manilus silt loam (Loamy-skeletal, mixed mesic Lithic Dystrochepts and Typic Dystrochrepts, respectively). The Nassau soil series is shallow and the Manilus series is moderately deep, although they both occur on upper and middle slope positions.
The soils mapped on the sandstone study sites are an Arnot very bouldery silt loam (Loamy-skeletal, mixed, mesic, Lithic Dystrochepts). The Shawangunk conglomerate bedrock is a hard, silicacemented combination of white quartz pebbles and sandstone. This series is shallow to bedrock, excessively well drained, and has historically been subjected to fire. All sandstone study sites were located on an upper slope position near the rock-outcrop ridgeline, which ranges in elevation from 334 to 363 m and has a slope of 5-20%. However, the northwest aspect probably makes these sites somewhat more mesic than their shallow soil and upper slope position would normally dictate. The fact that these forests are not dominated by pitch pine (Pinus rigida), found on the summit, supports this conclusion.
Methods
During May 2009, an overstory and regeneration survey was completed within 10 mature (approximately 100 years old; Snyder and Beard 1981) red oak and chestnut oak forests across a landscape gradient within the Mohonk Preserve. Six study sites were located on the Martinsburg shale and four study sites were located on the Shawangunk sandstone conglomerate (Table 1) . Ten fixed-area plots, located at approximately 20-m intervals along a single transect through the forest interior were used for vegetation sampling. Saplings and seedlings were counted in nested circular plots of 20 and 10 m 2 , respectively, located at each plot center. Saplings were classified as tree species Ͼ1.4 m in height but Ͻ10.0 cm in dbh, and seedlings were Ͻ1.4 m (excluding first year germinants). Shrub cover by species was estimated into cover classes (0 -5%, 5-25%, 25-50%, 50 -75%, 75-95%, and 95-100%) in the 10-m 2 plots. The dominant or codominant canopy tree species nearest to the plot center was recorded in each quadrant (n ϭ 4 per plot; 40 per stand) using the point-quarter method. Stand density, including trees (Ͼ10 cm dbh) in all canopy classes, was recorded in a 0.10-ha plot located in the center of each of the 10 stands. A general description of each site was recorded, including landscape position, elevation, aspect, and evidence of deer browsing. Statistical comparisons between overstory and understory species on the Martinsburg shale and Shawangunk sandstone sites were made with a t test at P Ͻ 0.05.
Results
A total of 14 tree species were recorded as dominant or codominant trees on the six Martinsburg shale sites (Table 2) . Stand density averaged 497 (range, 405-593) trees/ha. Overall, these sites were dominated by red oak and chestnut oak, averaging 45.8 and 24.6%, respectively. Other important overstory tree species on the shale sites included sugar maple (Acer saccharum), red maple, pignut hickory (Carya glabra), and white pine (Pinus strobus), which tended to have higher density here than on the sandstone sites. Only six tree species were recorded as dominant or codominant trees on the four Shawangunk conglomerate sites, where stand density averaged 521 (range 494 -534) trees/ha (Table 2) . These sites were dominated to a greater extent by red oak and chestnut oak, averaging 54.4 and 38.7% respectively, than the shale sites. Other overstory tree species on the sandstone sites included red maple, black birch (Betula lenta), pignut hickory, and white pine. Codominant red maple trees were present in three of the four stands. A total of 17 tree species were recorded as seedlings on the six shale sites, compared with 11 tree species recorded for seedlings on sandstone sites (Table 3) . Overall seedling density was higher on shale than sandstone sites (21,466 versus 6,425 per ha). Despite the higher seedling density of oak, maple, birch, hickory, and ash on the shale sites, only that of chestnut oak was significantly different (P ϭ 0.044). High variation between sites explains the lack of statistical difference for other species. The dominant seedling species on shale sites included chestnut oak, red oak, hop-hornbeam (Ostrya virginiana), witch-hazel (Hamamelis virginiana), and shadbush (Amelanchier arborea). Red maple seedling density on shale sites was relatively low and ranged from 0 to 2,300 per ha. The dominate seedling species on sandstone sites included red maple, chestnut oak, red oak, and witch-hazel. Red maple seedling density averaged 2,250 per ha, whereas chestnut oak and red oak averaged 1,300 and 725 per ha, respectively.
A total of 11 species were recorded for saplings species on shale sites versus six species for saplings on sandstone sites (Table 3) . Sapling density was relatively low on both sites (1,833 versus 1,400 saplings per ha). Witch-hazel and striped maple were dominant species on shale sites, whereas red maple and striped maple saplings dominated sandstone sites. Few oak saplings were recorded on any site. The small stature and multiple branching of oak seedlings is indicative of deer browsing may be limiting recruitment of oak seedlings into the sapling layer.
Only four species were recorded as shrubs on shale and sandstone study sites (Table 4) . On average, the sandstone sites had higher shrub cover (about 46%) than the shale sites (about 17%). The dominate shrub species at both sites were blueberry/huckleberry (Vaccinium/Gaylussacia) and mountain laurel (Kalmia latifolia).
Discussion
The 10 study sites on the Mohonk Preserve exhibited some typical as well as some unique characteristics for oak forests in the eastern United States. Most notable is the relatively low level of red maple on the shale sites, with only 0 -2,300 seedlings per ha. Throughout the eastern United States, red maple is the dominant oak replacement species on all but the most xeric and/or nutrientpoor sites. It is not unusual for red maple to produce 20,000 -60,000 seedlings per ha on subxeric sites and to be well represented as saplings and in the small to moderate tree size classes (Abrams 1998 , 2003 , Fei et al. 2005 . Red maple seedlings were sparse on all the sites used in this study, including the fairly mesic sites. At the Black Rock Forest, located in close proximity to the Mohonk preserve in eastern New York, red maple averaged 10% of the overstory trees and 25% of the understory trees (Schuster et al. 2008) . Red maple seedlings density is almost always greater on mesic versus xeric sites in the eastern United States, except where deer populations or sugar maple levels are also high. Thus, the low levels of red maple seedlings on the drier Mohonk study sites may be somewhat typical of the eastern United States, but their low level on mesic sites is more difficult to explain. It is possible that low pH and nutrient status of the shale soils are inhibitory to red maple at Mohonk. However, red maple dominated the understory of oak forests with soil pH ranging from 3.65 to 4.25 at the Black Rock Forest (Schuster et al. 2008) . In addition, an acidic shale outcrop at the Alan Seeger Natural Area in central Pennsylvania had high numbers of red maple in the understory and overstory (Nowacki and Abrams 1994) . Nonetheless, the impact of shale soils on the ecology or red maple in the eastern United States warrants further study. Red maple foliage is potentially toxic and is not a preferred browse species for deer in the eastern United States, but they will eat it as a winter or starvation food if necessary (Abrams 1998). In contrast, red maple sprouts (like most hardwood sprouts) are readily eaten by deer (personal observation). We cannot say with any certainty that deer browsing is limiting red maple on subxeric sites at Mohonk, but it is a possibility. The fact that several sites had a substantial number of oak seedlings suggests that deer populations may not be critically high, at least in some areas of Mohonk. However, we observed a low stature and multiple branching patterns on most oak seedlings on the dry shale sites, which is indicative of periodic deer browsing.
Moderately high numbers of oak and hickory seedlings occurred on the shale sites, which is consistent with other dry oak sites in the eastern United States where deer populations are not critically high (Orwig and Abrams 1994 , Fei et al. 2005 . This is often attributed to a lack of more shade-tolerant oak replacement species (as opposed to those on more mesic sites) and more open forests, as observed in this study. At the Mashomack Preserve on Shelter Island NY, where deer populations are very high (23-39 per km 2 ), regeneration of all tree species (especially oak) is almost nonexistent (Abrams and Hayes 2008). There is a scarcity of oak and other tree seedlings on the dry sandstone conglomerate forests at Mohonk. A similar finding for oak regeneration was reported on dry ridgetops with low understory light in southern New England (Ashton and Larson 1996) . The reason for oak regeneration scarcity on dry ridges at Mohonk is unknown, but it may be due to high deer browsing on those sites (as opposed to low light). Otherwise, the drought-tolerant oak, at least, should be regenerating in these relatively open forests. We do not believe that the low to moderate levels of mountain laurel on these sites are critically inhibitory to oak regeneration, but they may be in the future if shrub densities increases because of the lack of fire (McGee et al. 1995 , Nowacki and Abrams 2008 . Nonetheless, the vast majority of oak seedlings on all sites have not been recruiting into the sapling or the tree size classes, as is evident from a lack of oak saplings and young oak trees. This is a recurring problem in eastern forests and has been termed the "oak sapling bottleneck" (Nowacki et al. 1990 ). This may be attributed to a combination of overstory and understory competition, a lack of large multiple tree gaps, deer browsing, and a lack of understory fire (Kittredge and Ashton 1990, Abrams 2003) .
We are not confident that the existing overstory oak at Mohonk will be replaced by new oak trees at a sufficient rate over the next century or more, despite the scarcity of red maple and the substantial number of oak seedlings on the drier shale sites. Although tree mortality is a frequent occurrence in the region because of windthrow, ice storm damage, gypsy moth defoliation, and drought, most form single tree canopy gaps that are typically too small to promote successful oak recruitment into the forest canopy (Berg 2004 , Jacobs et al. 2006 , Collins and Battaglia 2008 . It is our opinion that most (if not all) of the mature oak forest on the Mohonk Preserve are in need of long-term management techniques that have been applied throughout eastern oak forests (Brose and Van Lear 1998 , Brose et al. 2008 . These techniques include but are not limited to the following.
1. Thinning from below of nonoak trees to increase available light for understory oaks and to eliminate low shade that favors shade-tolerant species, such as red maple, sugar maple, striped maple, and witch-hazel. 2. Crown thinning of nonoak trees to create larger canopy openings; eliminate seed sources of competing tree species; and increase available light for existing seedlings, saplings, and future mast production. 3. The use of periodic low-to moderate-intensity understory fire to eliminate undesirable species, to create oak seedling sprouts with an enhanced growth rate, and to create favorable germination conditions for new oak seedlings. Several successive burns may be needed, such as during early stand development to stimulate oak seedling growth and then again in the middle and late stages to eliminate undesirable species. Burning in pole-sized oak will probably be detrimental to the long-term health of these trees. 4. Properly timed and appropriate application of herbicide to stems and cut stumps of undesirable hardwoods to prevent sprouting and root suckering. 5. Weeding of undesirable seedlings and saplings. 6. Maintaining relatively low deer populations (Ͻ8/km 2 ) throughout the preserve.
